Abstract: 1,4-Dibenzylpiperazine (1), -2-piperazinone (7), -2,6-piperazinedione (9), and 1-benzoyl-4-benzylpiperazine (30) were oxidized by RuO 4 (generated in situ) by attack at their endocyclic and exocyclic (i.e., benzylic) aminic N -α-C-H bonds to afford various oxygenated derivatives, including acyclic diformamides, benzaldehyde, and benzoic acid. The reaction outcome was complicated by (i) the hydrolysis of diformamides, occurred during the work-up, and (ii) the reaction of benzaldehyde with the hydrolysis-derived amines giving imidazolidines and/or Schiff bases. Benzoic acid resulted from benzaldehyde only. Compounds 7, 30, and 1-benzylpiperazine, but not 9, were transiently formed during the oxidation of 1. In the same reaction conditions, 1,4-dibenzyl-2,3-(or 2,5)-piperazinedione, 1,4-dibenzyl-2,3,6-piperazinetrione, 4-benzoyl-1-benzyl-2-piperazinone, and 1,4-dibenzoylpiperazine were inert. The proposed oxidation mechanism involves the formation of endocyclic and exocyclic iminium cations, as well as of cyclic enamines. The latter intermediates probably result by base-induced deprotonation of the iminium cations, provided an N + −β-proton is available. In the case of 1, the cations were trapped with NaCN as the corresponding α-aminonitriles. The statistically corrected regioselectivity (endocyclic/exocyclic) of the RuO 4 -induced oxidation reaction of 1, 7, and 30 was 1.2-1.3.
Introduction
It is known that the powerful oxidant ruthenium tetraoxide (RuO 4 ) functionalizes tertiary aliphatic amines at their N -α-positions to afford amides and/or dioxygenated compounds [1] [2] [3] [4] [5] [6] . For instance, earlier studies indicated 4-benzoylmorpholine and 4-benzyl-3-morpholinone as reaction products obtained from 4-benzylmorpholine [2] , meaning that both types of N -α-sites (i.e., exocyclic and endocyclic, respectively) were attacked. In the same reaction conditions, 1-benzylpiperidine yielded only products of endocyclic attack [3] . Same exclusive endocyclic functionalization showed also some piperazine derivatives (Scheme 1). Thus, starting from 1,4-dibenzylpiperazine (1), Tortorella and his co-workers [6] have isolated two reaction products, namely N,N' -dibenzyl-N,N' -1,2-ethanediylbisformamide (2) and 1,4-dibenzyl-2,3-piperazinedione (3), in 65 and 5% yield, respectively. Similar reaction of 1-benzylpiperazine (4) afforded only the corresponding acyclic diformamide 5, but not also 6. The same piperazinedione 3 was obtained when starting from piperazinone 7 [6] ; the analogous possible reaction 8→6 has not been studied yet. In the same paper [6] , the authors claimed also that only 10 has resulted from 2,6-piperazinedione 9. Besides the endocyclic functionalization in all these cases, a simultaneous oxidative attack at both N 1 -CH 2 -CH 2 -N 2 methylene groups of 1 and 4 seems to have been in action, unlike the behavior of 1-benzylpiperidine [3] .
Scheme 1 Oxidation by RuO 4 of piperazine derivatives (literature data).
At variance with some of these data, our previous works, devoted to the RuO 4 -oxidation of tertiary amines of general structure Ph-CH 2 -NR 2 (NR 2 = 1-pyrrolidinyl, 1-piperidinyl, 4-morpholinyl [7] ; R = alkyl [8] ), have indicated that both types of N -α-sites were attacked, even in the case of 1-benzylpiperidine. The reactions were interpreted as occurring through the corresponding iminium cations, as well as through enamines, generated by N + −β-deprotonation of the non-benzylic cations (R = CH 3 ). The cations were trapped with NaCN as the respective nitriles. Oxidation of the C=C bond of enamines was the source of some dioxygenated reaction products.
Taking into account all these facts, we considered it interesting to extend our research on the RuO 4 -oxidation reactions of piperazine 1 and of some of its mono-and dioxygenated derivatives. Do they really react at the endocyclic sites exclusively, as claimed in the literature? At the same time, we questioned about the route(s) giving 2 and 3. Do these compounds result by a simultaneous introduction of two oxygen atoms or by two successive monooxidation steps? Piperazine 1 might be viewed as a 4-aza analog of 1-benzylpiperidine. Could the formation of 2 and 3 be attributable just to the presence of the additional nitrogen atom? This paper aims to clarify all these questions. As shown below, the oxidative patterns of 1, 7, or 9 were more complicated than those suggested in the literature [6] . Generally speaking, the respective reactions followed the same pathways as those already reported by us for other substrates [7, 8] . Even more interesting was the behavior of 4 and of its oxygenated derivatives; the respective results will be detailed in a coming paper [9] .
In order to distinguish between the two nitrogen atoms in 1-10, they were labeled by 1 and 2 superscripts in Scheme 1. The same type of labeling was followed in Schemes 2-6. For the same reason, the yields of the various reaction products were written in the main text as {compound number}, followed by i or exp subscripts for the initially formed and the experimentally found amounts, respectively.
Results and discussion
Oxidation was performed in the same conditions as above [2, 3, 7, 8] , that is with catalytic amounts of RuO 4 (generated in situ from catalytic RuO 2 and excess NaIO 4 ), in CCl 4 /water heterogeneous mixtures and at room temperature. The reaction mixtures were worked-up in two ways (A or B ; see Section 3.8), differing by the order of operations. Some oxidation products were unstable in alkaline media (see below); they could be seen only following the work-up A. This information was correlated with the already reported data [10] obtained on the hydrolysis of pure compounds.
The oxidation results are discussed in Section 2.1 and summarized in Table 1 . All yields quoted in Table 1 are of exp type. It is worth mentioning that the yield of benzaldehyde (BzH) actually corresponds to that of the benzaldehyde+benzoic acid sum. This is entirely justified by the fact that benzoic acid is derived by oxidation from benzaldehyde. As presented below, other possible sources of benzoic acid (i.e., by hydrolysis of N-COPh functions) could be safely discharged. Some of the yields in Table 1 are quoted as sums; the reason will be explained later. The last column of Table 1 contains the values of regioselectivity (endocyclic/exocyclic), abbreviated as Sel ; the method of calculation will be detailed in Section 2.2. The reaction products were identified by GLC and high-field NMR spectroscopy, by adding small amounts of unambiguously synthesized compounds into the analyzed samples. Pertinent NMR data are presented in Table 2 (Section 4.7).
Oxidation by RuO 4 (+NaIO 4 ) and cyano trapping
Unlike the literature [6] , the RuO 4 -oxidation of piperazine 1 yielded a wide array of products, from which ten compounds were identified (Tab. 1, entries 1 and 2; Scheme 2). Along with the expected 2 and 3 [6] , compounds 5, 11-15, benzaldehyde, and benzoic acid were present too. This means that both types of N -α-sites were functionalized in 1, in agreement with our data on similar compounds [7, 9] . Many other reaction products were present, but the too small relative amounts and/or mixture complexity did not allow any definite identification. In this context, we remember that 2 [11] , 5 [11] , 12 (Tab. 2), 13 [7] , 14 [10] , and 15 [10] showed quite complex NMR spectra by themselves owing to several E /Z isomers present (see also Section 4.7).
In the same reaction conditions, the oxidation of 1 by NaIO 4 alone (Tab. 1, entry 3) proceeded smoothly (compare the substrate conversion with those in entries 1 and 2), enlightening the effective role of RuO 4 as a powerful catalyst. Practically, the same main reaction products (2, 3, BzH) resulted, but in slightly different relative amounts. Contrary to our previous studies [7, 8] , no N -oxide(s) [12] seems to be formed in this case.
Scheme 2
Oxidation by RuO 4 of piperazine 1 (reaction products). (mg/mmol/mL/mL), initial neutral work-up; B -as in A, but initial alkaline work-up; C -as in A, but without RuO 2 ; D -as in A, but NaCN (4 mmol) in 10 mL of water was added too. [e] BzH means benzaldehyde; its yield includes that of benzoic acid.
[f ] Calculated with respect to the reacted substrate, by assuming a 1/1 stoichiometry; tr means traces (< 0.2%).
[g] For the calculation of regioSelectivity (endocyclic/exocyclic), see text.
[h] Tentative assignment.
[i] Other reaction products are present too. [j] Variable single values (±2), but constant (±0.5) sum (see text).
As anticipated before, some of the reaction products listed in entries 1 and 2 of Table 1 might result by subsequent reactions of various intermediates. For instance, as 2 resulted from 1, the presence of 5 might be due to the analogous oxidation of 4 [6] . Our preliminary investigations on the RuO 4 -oxidation of 4 confirmed the presence of 5 in the respective reaction mixtures, together with 13-19 (formulae in Scheme 2), BzH, and other compounds [9] . Monoformamides 14 and 15 resulted from 5, by hydrolysis during the work-up, as our study [10] on the mild hydrolysis of pure 5 [11] indicated. In this last case, diamine 16 resulted also, by subsequent hydrolysis of both 14 and 15. Diamine 16 was not identified in the 1-oxidation mixtures, but this does not mean that it was not formed at all. In fact, 16 might be (partially or totally) hidden as a mixture 18+19 [13] , by reaction with BzH. Analogously, some of the amine 14 could afford the Schiff base 17. We verified the behavior of 14 and 16 towards BzH and really found 17 and 18+19 (18/19=1/2, molar) as reaction products, respectively [10] . At the same time, we have noticed that pure 2 [11] is remarkably stable in the same mild hydrolysis conditions [10] .
It results that 5, 13-15, and some of BzH derived all from 4, transiently formed during the oxidation of 1. Therefore, on one hand, 5 is not an initial oxidation product of 1 and, on the other hand, 13, 14, and 15 are not true oxidation products of 1 at all. To understand the origin of 3, 4, 11, and 12, additional oxidation experiments were performed starting from possible reaction intermediates. As promising candidates we chose 1,4-dibenzyl-2-piperazinone (7) and 1-benzoyl-4-benzylpiperazine (30) ; the respective results are presented below.
Oxidation of piperazinone 7 gave complex reaction mixtures in which 3, 6, 11, 12, 21, 23, 24, benzaldehyde, and benzoic acid were identified (Tab. 1, entries 4 and 5; Scheme 3). Only 3 has been isolated previously by Tortorella's group, in a 65% crude yield [6] . By analogy with the sequence 5→14+15→16 (Scheme 2), monoformamide 21 might be the hydrolysis product of diformamide 20. Unfortunately, attempts to prepare 20 failed, but the transformation 20→21 is supported by our competitive hydrolysis study performed on similar substrates [10] . In fact, the study suggested that, from the three types of amidic N-CO bonds existing in 20, the most reactive might be N 1 -CHO. At the same time, both N 1 -CO and N 2 -CHO amide bonds in 21 could be resistant to mild hydrolysis. Indeed, the hydrolysis of 21 to yield 22 did not occur in the conditions employed (see Section 4.6). Following the work-up A, the NMR spectra of crude reaction mixture contained signals that could be tentatively ascribed to the diformamide 20 [14] . They practically disappeared when the work-up B was adopted. To the extent of which 21 is the sole hydrolysis product of 20, the sum {20} exp +{21} exp should remain constant in entries 4 and 5, which actually has been observed.
By analogy with our previous papers [7, 8] , we imagined the oxidation course of 7 as depicted in Scheme 3. Piperazinone 7 contains two kinds of nitrogen atoms, namely of amide (N 1 ) and amine type (N 2 ). To each of them correspond two kinds of N -α-C-H bonds, that is of endocyclic and exocyclic (i.e., benzylic) type. Actually, as two different endocyclic N 2 -CH 2 methylene groups are present, there would be five types of N -α-C-H bonds prone to be oxidized, at least in principle. From these, only the three types of N 2 -C-H bonds would be much more susceptible to undergo oxidation. This derives from our earlier observations substantiating the higher reactivity of amines vs. that of amides during their RuO 4 -oxidation [7, 8] ; we will return to this argument.
Accordingly, the first step of the oxidative attack on 7 yields three iminium cations: two endocyclic (25, 26) and one exocyclic (27) . Nucleophilic water molecule can trap these cations to give the corresponding aminoalcohols, as indicated for 27→28. Their subsequent oxidation at the OH level would yield the piperazinediones 3 and 11, as well as the benzoyl derivative 12, respectively. It is well-known that alcohols are easily converted by RuO 4 into the corresponding carbonyl derivatives [15] [16] [17] [18] [19] . At the same Scheme 3 Oxidation by RuO 4 of piperazinone 7 ([ox] means oxidation). time, alternative pathways are possible for 26 and 28. Thus, 26 might be N + − β-deprotonated by a base and the resulted cyclic enamine 29 could be oxidized further in order to form 20. This last step has many precedents in the literature [7, 8, 20] . Besides oxidation to 12, the hemiaminal 28 could also give an equimolecular mixture of BzH and 8. Similar steps have been invoked several times in the past [7, 8, 21] . Benzoic acid originated from benzaldehyde only. In fact, 12 was inert during mild hydrolysis attempts (see Section 4.6).
Besides the trivial oxidation of benzaldehyde to benzoic acid, control experiments showed that, unlike 3, 11, and 12 (and probably also 20 [22] ), 1-benzyl-2-piperazinone (8) is the unique reaction product susceptible to undergo further oxidation. Indeed, starting from pure 8, mixtures of piperazinedione 6, two pyrazinones (23 and 24), and some BzH were obtained [9] . In this way the formation of all identified reaction products listed in entries 4 and 5 of Table 1 finds a reasonable explanation. Obviously, {BzH} exp includes the small contribution of the 8-oxidation.
If the two types of N 1 -C-H bonds of 7 would be attacked, some BzH and the 2,6-piperazinedione 9 should be formed [2, 7] . Submission of 9 to the RuO 4 -oxidation gave BzH and piperazinetrione 10 as main reaction products (Tab. 1, entry 6; Scheme 3). We remember that only 10 has been isolated by the Italian team, in "good yield" [6] . Like 2, 3, 5, or 11, piperazinetrione 10 was inert towards further oxidation, this time in accord with the literature [6] . Neither 9 nor 10 were identified in the oxidation mixture derived from 7. By way of consequence, we did not study more in detail the oxidation of 9. These facts suggest that the reactions 7→9, 3→10, and 11→10 did not occur in the conditions employed, enforcing the aforementioned "amide amine" reactivity order. According to Scheme 3, the derivatives 3 and 11+20+21 result from the cations 25 and 26, respectively. Taking into account the respective yields (Tab. 1, entry 4 or 5), it emerges that the initial {25} i /{26} i ratio could be about 4/1. Since 25 is presumably less stable than 26 [23] , this value suggests that their formation might be kinetically controlled. In other words, the rate-determining step seems not to be the iminium cations' generation.
Eleven reaction products were identified in the oxidation mixtures of 1-benzoyl-4-benzylpiperazine (30) Control experiments showed that, unlikely to 12, 31, or 39, monobenzoylpiperazine (33) reacts further with RuO 4 [9] to give initially 34 and also 38. Mild hydrolysis of 31 and 34, occurring during the work-up, was the source of 32 and of 35+36, respectively, as indicated by our hydrolysis study [10] performed on unambiguously synthesized 31 and 34 [11] . The same study [10] put in evidence the inertness of 32 and the easy 35→36 hydrolysis, as well as the lacking of benzoic acid in all these hydrolysis reactions. The experimentally found higher reactivity of 34 vs. that of 31 [10] explains their relative yields in entries 7 and 8. Finally, the primary amine 36, generated from 30 via 33, with benzaldehyde really gives the Schiff base 37 [10] . All benzoylated derivatives 12 and 31-39 did not give any benzoic acid on mild hydrolysis (see Section 4.6).
Some of the yields appear in entry 8 as sums. The single values varied in an un-
Scheme 4 Oxidation by RuO 4 of piperazine derivative 30 ([ox] means oxidation).
predictable manner even for identical runs, but their sums remained constant. This was ascribed to the particular nature of work-up B. In fact, the alkalization step was performed in a two-phase system and in the presence of a black solid [24] , of unknown composition and tensioactive properties. Consequently, the phases' mixing might differ in an uncontrollable way from a run to another. We remember that the mixing degree resulted to be highly important for our two-phase hydrolyses [10] . Regarding the yields of the 30-derived compounds, we note that the sums quoted in entry 8 are identical to the same sums in entry 7, within the experimental errors. This makes more confident the results obtained with the two kinds of work-up and sustains the steps of Scheme 4. Taking into consideration the results obtained with 7 and 30, we are now able to depict the oxidation pathways of 1 as in Scheme 5. The symmetrical diamine 1 contains two types of N -α-CH 2 methylene groups prone to be oxidized, in a statistical ratio of endocyclic/exocyclic=2/1. Both iminium cations 44 (endocyclic) and 45 (exocyclic) are generated in this case. They are transformed by nucleophilic water molecule into the respective aminoalcohols 46 and 47, which can suffer oxidation to piperazinone 7 and Scheme 5 Reaction pathways followed during the RuO 4 -oxidation of 1 ([ox] means oxidation).
benzoyl derivative 30, respectively. Alternatively, cation 44 may be deprotonated to the enamine 48; oxidation of the C=C double bond in 48 gives diformamide 2 [15, 25, 26] . Like 28 or 42, hemiaminal 47 may be also split into an equimolecular mixture of BzH and 1-benzylpiperazine (4). Subsequent oxidation of 4 [9] , 7 (Scheme 3), and 30 (Scheme 4) yields the respective compounds listed in Scheme 5. As pointed out before, the unique source of benzoic acid was the oxidation of benzaldehyde.
According to Scheme 5, the dioxygenated compound 3 was formed by sequential monooxidation of the appropriate substrates (i.e., 1→7→3) and not by a simultaneous introduction of two oxygen atoms in the molecule of 1. The latter alternative seems to have been followed to generate 2 (via 48). However, working with N -benzylpiperidine or -morpholine [7] , we have found in the past that an enamine with a 48-like structure yields both 2-and 3-like derivatives, in a 42/1-45/1 molar ratio. If this is true also for the 1-oxidation case, {3} exp =16% of entry 2 would be the sum of yields due to both 7→3 and 48→3 reactions. Quantitatively, the contribution of the 48→3 step could represent about 43/(42÷45)∼1% of the reacted 1. Accordingly, the remaining 15% of {3} would be due to the monooxidation sequence. This implies that 3 and 11 should result from transient 7 in a 15/1.5=10/1 ratio. This value is slightly smaller than that obtained in entry 5 (i.e., 57/5∼11), suggesting that all 3 in entry 2 would be formed from 7 only, within the experimental errors. This clarifies the corresponding question presented in the Introduction.
A decisive proof favoring the proposed mechanism came from the 1-oxidation experiment performed in the presence of NaCN (Tab. 1, entry 9). In this particular case, the main reaction products were two α-aminonitriles (49 and 50 in Scheme 5), counting for about 86% of the reacted 1. They clearly resulted from the iminium cations 44 and 45, respectively, by cyano trapping [7, 8, [27] [28] [29] . Excepting 4, the other reaction products (i.e., 2+7 and 30+BzH) were oxygen-containing compounds, clearly originating from the same iminium cations, escaped from the cyanide anion trapping (i.e., captured by water). Interestingly, benzoic acid was found only in trace amounts. Moreover, no products of further oxidation of 4, 7, and 30 were present. These facts, correlated also with the lower substrate conversion (compare entries 1 or 2 with 9), suggest that RuO 4 and/or NaIO 4 were rapidly consumed in other (unknown) reactions. Similar results were obtained previously [7, 8] . It is worth mentioning that the amounts of 4 and BzH are equal in entry 9, within the experimental errors, supporting the intermediacy of hemiaminal 47. At the same time, the transient existence of 4, 7, and 30, only presumed in the absence of NaCN, finds now full confirmation.
Regioselectivity
Regioselectivity of the RuO 4 -oxidation reactions could be apprised if the amounts of the endocyclic and exocyclic iminium cations would be separately known. As presented below, the required amounts can be really calculated from those of the corresponding, directly formed reaction products. The calculated values of regioselectivity, abbreviated as Sel, are written in the last column of Table 1. In the following considerations, the more reliable results of work-up B were manipulated only, excepting the cyano trapping experiment.
Let us begin with the oxidation of 7. According to Scheme 3, the iminium cations 25, 26, and 27 give initially 3, 11+20, and 8+12, respectively, where {BzH} i ={8} i . Taking into accounts their previously discussed behavior towards RuO 4 or during the work-up, we can write {3} i ={3} exp , {11} i ={11} exp , {20} i ={20} exp +{21} exp , and {12} i ={12} exp , where the experimental amounts are those listed in Table 1 (entry 5) . Therefore, in order to calculate Sel for the 7-oxidation we need to know {8} i or {BzH} i only. Calculation of {8} i from {6} exp , {23} exp , and {24} exp is simpler. Thus, starting from 7 or pure 8, compounds 6+23+24 resulted in 5.5% (entry 5) or 24.5% [9] cumulated yields, respectively. Accordingly, a value of 5.5/0.245∼22% can be advanced for {8} i in the conditions of entry 5. It emerges that the endocyclic and exocyclic routes in Scheme 3 correspond to {3} exp +{11} exp +{20} exp +{21} exp =57+5+0+10=72% and {8} exp +{12} i ∼22+5=27% of the reacted 7, respectively. Their sum matches well the theoretical value of 100%. Consequently, the statistically corrected regioselectivity (endocyclic/exocyclic) results to be around 72/(2 * 27)=1.3.
More accurate Sel calculation can be made for the 30-oxidation, because all needed yields are known. In fact, looking at the data of The Sel calculation for the 1-oxidation in the absence of NaCN resulted to be more complicated. According to Scheme 5, we need to know, on one hand, {2} i and {7} i , and, on the other hand, {30} i and {BzH} i ={4} i . At this moment, only {2} i ={2} exp =43% is known. From the identified reaction products (Tab. 1, entry 2), 2+3+11 and 5+13+14+ 15 resulted from one route only, namely endocyclic and exocyclic, respectively, but 12 and BzH came from both pathways. As shown in the following, {7} i and {30} i can be really calculated. In fact, starting from 7 or 1, the cumulated yield of 3+11 was 62% (entry 5) or 17.5% (entry 2), respectively. Accordingly, the yield of 7, initially formed from 1, could be {7} i =17.5/0.62∼28%. Compounds 2 and 7 are the sole initial 1-oxidation products originating from the endocyclic route. Consequently, this pathway interested about 43+28=71% of 1. Obviously, the remaining 29% should correspond to the exocyclic route, viz. to the sum {30} i +{BzH} i . Although judging on small values could be misleading, {30} i may be tentatively calculated from {12} exp =2.5% in entry 2. In fact, 12 resulted from 1 via 7 and 30. Knowing that 5% of 7 is transformed into 12 (entry 5), the amount of 12 formed from {7} i in entry 2 could be about 28 * 0.05=1.4%. Therefore, the contribution of the 30→12 reaction in entry 2 would be 2.5-1.4∼1%. Since this last value represents 22% of the starting {30} i (entry 8), it emerges that {30} i =1/0.22=4.5% in the conditions of entry 2. Consequently, {BzH} i should be 29-4.5=24.5% with respect to the reacted 1. Unfortunately, we could not verify this last value. In fact, benzaldehyde resulted from 1 by both endocyclic (from 7) and exocyclic routes (from 4, 30, and 47). Although the contributions in {BzH} exp due to 4-, 7-, and 30-oxidations might be calculated using the same method as before, the total amount of benzaldehyde formed from 1 remains still unknown. We remember that some of BzH could be used to form various Schiff bases and imidazolidine 19 [9, 10] , but we do not know their yields. This explains why {BzH} exp varied so much (28±2%), but, at the same time, it makes impossible the calculation of {BzH} i . Anyway, as anticipated before, it seems that the regioselectivity of the 1-oxidation in the absence of NaCN might have a value of about 71/(2 * 29)=1.2.
This value is confirmed when the data of 1-oxidation in the presence of NaCN (Tab. 1, entry 9; Scheme 5) are taken into account. In this case, 2, 7, and 49 derived all from the endocyclic cation 44. Analogously, 30, 50, and BzH (and 4) were formed from the exocyclic cation 45. By way of consequence, Sel would be (3+1.5+66.5)/[2 * (2+19+8)]=1.2.
Summing-up, it results that 1, 7, and 30 underwent RuO 4 -oxidation with the same poor endocyclic/exocyclic regioselectivity of 1.2-1.3. This value is intermediate between those experienced [7] by N -benzylpiperidine and -morpholine (i.e., 2.1 and 0.8, respectively), but more close to the latter. Compounds 1, 7, and 30, could be viewed as Nbenzylpiperidine derivatives bearing N -γ-electron withdrawing groups in their aliphatic cycles. Consequently, 1, 7, and 30 are rather similar to N -benzylmorpholine than to Nbenzylpiperidine and their Sel 's seem to feel this structural resemblance accordingly. This suggests that, among other factors, the RuO 4 -catalyzed oxidation could be susceptible to electronic effects exerted by remote N -substituents in the starting tertiary amines.
Conclusions
RuO 4 -Catalyzed oxidation of 1,4-dibenzylpiperazine, -2-piperazinone, and 1-benzoyl-4-benzylpiperazine (1, 7, and 30, respectively) gave wide arrays of reaction products, including acyclic diformamides and benzaldehyde. 1,4-Dibenzyl-2,6-piperazinedione (9) was not involved in the 7-or 1-oxidation reactions. Control experiments showed that 1-benzylpiperazine (4), 7, and 30 are all transiently formed during the oxidation of 1. Their subsequent oxidation complicated the initial outcome of 1. Moreover, several acyclic monoformamides and diamines with an ethylenediamine skeleton were also found in the respective reaction mixtures. These false oxidation products derived from the acyclic diformamides, by hydrolysis during the work-up. The RuO 4 -mediated oxidation was interpreted as involving iminium cations and cyclic enamines as reactive intermediates. Two kinds of cations resulted, depending on the attacked N -α-CH 2 methylene group: endocyclic or exocyclic (i.e., benzylic). Only the aminic N -α-sites were functionalized in 7 and 30. When structurally possible, N + − β-deprotonation of the endocyclic cations gave the corresponding cyclic enamines, which were the sources of acyclic diformamides. In the case of 1, the iminium cations were captured with NaCN as the corresponding α-aminonitriles. The oxidation regioselectivity (endocyclic/exocyclic) had a statistically corrected value of about 1.2-1.3. Comparison with the values previously found for Nbenzylpiperidine and -morpholine suggested that the RuO 4 -catalyzed oxidation could be susceptible to electronic effects in the starting tertiary amines.
Experimental section

General remarks
Melting points were taken with a Boetius hot plate and are uncorrected. The GLC and NMR apparatuses and procedures were already described [7] . IR spectra were recorded on an UR-20 Carl Zeiss Jena spectrophotometer.
Materials
Hydrated ruthenium dioxide (Aldrich), sodium periodate (Merck), and N -benzylethylenediamine (16; Aldrich) were used as purchased. Carbon tetrachloride (Chimopar, Romania) was stored over anhydrous Na 2 CO 3 and filtered prior to use. Compounds 1 [30] , 2 [11] , 4 [30] , 5 [11] , 7 [30] , 11 [30] , 13 [7] , 14 [10] , 15 [10] , 17-19 [10] , 31 [11] , 32 [10] , 34 [11] , 35 [10] , 36 [10] , 37 [10] , 49 [31] , and 50 [31] were from our previous works. Synthesis of 8, 23, 24, and 38 will be detailed in a future paper [9] . Derivatives 3 [6] , 9 [6, 32] , 10 [6] , 12 [33] , 30 [34] , 33 [35] , and 39 [36] Table 2 . IR spectrum (CH 2 Cl 2 , cm −1 ): 1680+1700 (large and strong, ν CO ), 3400 (medium, ν NH ).
N -Benzyl-2-(benzylamino)acetamide (22)
A magnetically stirred solution of N -benzyl-2-(benzylideneamino)acetamide (1.36 g; 5.4 mmol) [9] in methanol (30 mL) was treated portionwise with a solution of NaBH 4 (0.6 g; 15.4 mmol) in methanol (20 mL) and the stirring was continued overnight. The solution was evaporated in vacuo, the residue taken in chloroform and washed with alkaline water. The organic layer was anhydrized (Na 2 SO 4 ) and evaporated to dryness to leave 1.3 g (yield 95%) of solid 22. It was purified through its hydrochloride, mp 243-244
• C (lit. mp 244- Table 2 . IR spectrum (CH 2 Cl 2 , cm −1 ): 1670+1690 (large and strong, ν CO ), 3430 (medium, ν NH ). 
(CO).
[a] Data useful in product identificati on are listed only. Formulae as in Schemes 1-6.
[b] Bn stands for benzylic protons or carbons. The value of aromatic C ipso is given in italics. [c] Vanishes upon addition of D 2 O.
[d] Broadening and lack of multiplicity are due to slow rotation(s) about the N-COPh bond(s). For the meaning of syn and anti see text and Scheme 6.
[e] Two unequally populated E /Z isomers are present; the values belonging to the major one are underlined.
[f ] In a CDCl 3 /trifluoroacetic acid mixture.
[g] Collapses to a singlet upon addition of D 2 O.
[i] According to 1 H-1 H and long-range 1 H-13 C correlation, the CH=CH -N 2 proton could lie at about 7.28 ppm. Hydrolysis of 12, 21, 30, 33, 37, 38, and 39 Hydrolysis was checked in the same mild conditions as for 2, 5, 14, 15, 31, 32, or 34-36 [10] , in CH 2 Cl 2 /aqueous NaOH mixtures and in the presence or not of benzyltriethylammonium bromide (Aldrich) as a surfactant (substrate/NaOH/surfactant=1/10/0.1, molar). No reaction occurred within six hours at room temperature, except for 37 which partially yielded a 36+BzH mixture.
Mild
NMR Spectra
The 1 H-and 13 C-NMR characteristics of all compounds of interest, useful in product identification, are collected in Table 2 , unless those already reported belonging to 2 [11] , 5 [11] , 13 [7] , 14-19 [10] , 31 [11] , 32 [10] , 34 [11] , 35-37 [10] , 49 [31] , and 50 [31] . Equally missing are the NMR data of 4, 8, and 38; they will be found in a coming paper [9] . The NMR characteristics of benzaldehyde [39] a, and benzoic acid [39] b are lacking too in Table  2 , as being easily available. Even reported previously by us [30] , the 1 H-NMR features of 1, 7, and 11 were instead maintained in Table 2 , in order to have on hand a complete view about their NMR spectral properties. We remember that the spectra of 2, 5, 13-15, 17, 31, 32, 34, 35, and 38 are complicated by the presence of several stereoisomers, due to hindered rotation(s) about the N-CO bond(s). For instance, all theoretically possible E /Z isomers of 2 and 5 were seen at room temperature, in 48/45/7 and 5.5/58.5/3/33% ratios, respectively [11] . Only one species was instead observed for 18, 36, and 37. The complex aliphatic part of the 1 H-NMR spectrum of 49 was rationalized with full assignment; the CN group resulted to be mainly axially located [31] .
Scheme 6
Isomerism of benzoylated derivatives 12 and 39.
The
1 H-and 13 C-NMR chemical shifts in Table 2 are quoted with respect to internal Si(CH 3 ) 4 (0 ppm) and C DCl 3 (77.16 ppm [40] ), respectively. The assignments were made by two-dimensional NMR experiments, including the long-range 1 H-13 C heteronuclear correlation. Our 1 H-NMR features of 3 and 11 matched well those found in the literature [6] . On the contrary, partial (for 7 and 10) or total disagreement (for 9) was found between our 1 H-NMR data (and/or assignments) and Tortorella's [6] . Two unequally populated stereoisomers were observed for 12, 39, or 21, due to the slow rotation(s) about the N-COPh or N-CHO bond(s), respectively. Structural assignment of 12-and 39-isomers (Scheme 6) was made according to the well-known effect of carbonyl bond anisotropy: the protons in a syn relationship with the carbonyl oxygen are deshielded with respect to those in an anti position. The same type of reasoning was followed in the case of N 2 -CH 2 of 30 and 33.
Oxidation by RuO 4 /NaIO 4
Aqueous NaIO 4 solution (0.4M; 10 mL) was added to the substrate (1 mmol) dissolved in CCl 4 (10 mL). Solid RuO 2 (10 mg) was added and the whole mixture was magnetically stirred at room temperature for 4-7 hours. The final mixture contained a black solid. The heterogeneous reaction mixture was worked-up in two different ways (A or B ). In the first case (A), the black amorphous solid was separated by filtration and the two-phase filtrate retained. The solid was well triturated with fresh CCl 4 , the filtration repeated, and the combined filtrates were separated into organic (Ia) and aqueous solutions (IIa).
The solid was triturated with CH 2 Cl 2 and water, and the same operations as before gave new organic (Ib) and aqueous (IIb) layers. The combined aqueous solutions (IIa+IIb) were stirred for one hour with a NaOH solution [200 mg (5 mmol) in 2 mL of water] to give the alkaline solution IIc. Alternatively (B ), the alkalization step was made on the genuine reaction mixture, all other operations being identical. In both cases, the alkaline aqueous solution IIc was continuously extracted with CH 2 Cl 2 and the organic layer (Ic) separated. The remaining aqueous layer was rendered acidic with HCl, the continuous CH 2 Cl 2 -extraction repeated, and the organic layer (Id) separated. The four organic extracts [one in CCl 4 (Ia), three in CH 2 Cl 2 (Ib-Id)] were anhydrized (Na 2 SO 4 ) and analyzed as such and after solvent evaporation (residues Ia-Id). Some differences were seen between the relative amounts determined on solutions and those on residues, especially for benzaldehyde and the Schiff bases. The yields quoted in Table 1 refer to the composition of the respective solutions only. Identification of the various reaction products was performed by GLC and NMR analyses [7, 8] . For this purpose, small amounts of unambiguously synthesized compounds were added into the analyzed samples. In preliminary experiments, separation in basic (amines) and neutral constituents (amides) by treatment of residues Ia-Ic with aqueous HCl [8] was sometimes useful. The quantification was made especially by 1 H-NMR, by comparison of the integrals with that of a known amount of added cyclohexane. Benzophenone and acetophenone were used as internal standards for GLC. Synthetic mixtures were worked-up as before (blank experiments) and the results used to correct the NMRor GLC-derived amounts.
Cyano Trapping
The oxidation was performed as before, but NaCN (200 mg; 4 mmol) dissolved in water (10 mL) was added just before adding RuO 2 . The followed work-up was of type A. Caution! Sodium cyanide is highly toxic. Direct contact of the chemical or its solutions with the skin or eyes should be strictly avoided. The acidification and following operations should be performed in a good hood.
